In previous work, antibodies prepared against chemically synthesized peptides predicted from the DNA sequence were used to identify the polypeptides encoded in three of the eight unassigned reading frames (URFs) of human mitochondrial DNA (mtDNA). In the present study, this approach has been extended to other human mtDNA URFs. In particular, antibodies directed against the NH2-terminal octapeptide of the putative URF2 product specifically precipitated component 11 of the HeLa cell mitochondrial translation products, the reaction being inhibited by the specific peptide. Similarly, antibodies directed against the COOH-terminal nonapeptide of the putative URF4 product reacted specifically with components 4 and 5, and antibodies against a COOHterminal heptapeptide of the presumptive URF4L product reacted specifically with component 26. Antibodies against the NH2-terminal heptapeptide of the putative product of URFS reacted with component 1, but only to a marginal extent; however, the results of a trypsin fingerprinting analysis of component 1 point strongly to this component as being the authentic product of URFS. The polypeptide assignments to the mtDNA URFs analyzed here are supported by the relative electrophoretic mobilities of proteins 11, 4-5, 26, and 1, which are those expected for the molecular weights predicted from the DNA sequence for the products of URF2, URF4, URF4L, and URF5, respectively. With the present assignment, seven of the eight human mtDNA URFs have been shown to be expressed in HeLa cells.
Mammalian mitochondrial DNAs (mtDNAs) contain, besides five genes of identifiable function, eight unassigned reading frames (URFs), which have a high degree of sequence homology and strong conservation in size and mapping position in different species (1) (2) (3) (4) (5) . A set of homologous reading frames was subsequently found in the mtDNAs of Xenopus laevis (6) and Drosophila species (7) (8) (9) . Surprisingly, these reading frames, with the exception of one (10, 11) , have no obvious amino acid sequence homology to any of the reading frames of the mtDNAs from yeasts (12, 13) . However, URFs with a partial homology to several of the animal mtDNA URFs occur in other lower eukaryotic organismsi.e., Aspergillus nidulans (14) , Neurospora crassa (15) (16) (17) , protozoa (18, 19) , unicellular algae (20) , and plants (14) . The evolutionary persistence of these URFs, as well as the evidence of their transcription into typical mRNAs in HeLa cells (21) , suggested very early that they code for functional proteins. Direct evidence that several of these URFs are indeed expressed was first obtained in HeLa cells by the use of antibodies directed against synthetic peptides predicted from the DNA sequence. Thus, the polypeptides encoded in URFI, URF3, and URFA6L were identified on gels, and the identification was confirmed, in the case of URFA6L, by analysis of protease fingerprints (22, 23 ). An independent identification of the polypeptide specified by URF3 was obtained by the analysis of a polymorphism of the gene and of the encoded protein (24) . In the work reported here, four additional URFs-i.e., URF2, URF4, URF4L, and URFS-have been shown by the use of anti-peptide antibodies and by fingerprinting analysis to be expressed in HeLa cells, and the corresponding polypeptides have been identified among the mitochondrial translation products.
MATERIALS AND METHODS
Peptide Synthesis, Attachment to Carrier Proteins, and Preparation of Antisera. The techniques used for the synthesis and characterization of the peptides, their attachment to bovine serum albumin, and the preparation and testing of antisera have been described (22, 25) . Antibodies directed against the NH2-terminal octapeptide of URF2 (anti-URF2-N), against the NH2-terminal heptapeptide of URF5 (anti-URF5-N), against the NH2-terminal decapeptide of cytochrome c oxidase subunit II (anti-COII-N), against the COOH-terminal nonapeptide of URF4 (anti-URF4-C), and against the COOH-terminal heptapeptide of URF4L (anti-URF4L-C) were used.
In Vivo Labeling of HeLa Cell Mitochondrial Translation Products. HeLa cells were either labeled directly in methionine-free medium for 2 hr with [35S]methionine (1040-1425 Ci/mmol, ,uCi/ml; 1 Ci = 37 GBq) in the presence of emetine (22) at 100 ,ug/ml or were grown for 22 hr in complete medium in the presence of chloramphenicol (CAP) at 40 ,ug/ml, then labeled for 2 hr with [35S]methionine in methionine-free medium in the presence of cycloheximide at 100 ,ug/ml, and finally chased for 2 hr in complete medium (26) .
The above conditions of CAP treatment inhibit mitochondrial protein synthesis in HeLa cells by >90% while allowing growth of the cells at a normal rate for 2 days (27); therefore, they could conceivably allow accumulation in the cytosol and/or mitochondria of cytoplasmic subunits of the enzyme complexes of the inner mitochondrial membrane, as has been reported to occur in S. cerevisiae (28) and N. crassa (29) , and thus increase the stability and/or integration of the mitochondrially synthesized subunits. A marked increase in the 2-hr pulse-labeling of several mitochondrial translation Abbreviations: URFs, unassigned reading frames; mtDNA, mitochondrial DNA; URFI-URF6, specific URFs in mtDNA; CAP, chloramphenicol; anti-URF5-N and anti-URF2-N, antibodies against the NH2-terminal heptapeptide of URF5 and octapeptide of URF2; anti-COII-N, antibody against the NH2-terminal decapeptide of cytochrome c oxidase; anti-URF4-C and anti-URF4L-C, antibodies against the COOH-terminal nonapeptide of URF4 and heptapeptide of URF4L.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fingerprinting Analysis of Tryptic Digests. The procedure used was as described (22) , except that the thin-layer cellulose plate was exposed for autoradiography rather than for fluorography and then was stained with ninhydrin.
RESULTS
Preparation of Antipeptide Antibodies. Table 1 shows the sequences of the peptides of the putative products of URF2, URF4, URF4L, and URFS, which were chosen for synthesis, their mode of attachment to bovine serum albumin, and the degree of substitution obtained. The preparation of anti-COII-N has been described (22) .
Immunoprecipitation of Mitochondrial Translation Products by Anti-URF2-N, Anti-URF4-C, and Anti-URF4L-C Antibodies. Immunoprecipitation experiments with NaDodSO4 mitochondrial lysate from HeLa cells labeled for 2 hr with
[35S]methionine in the presence of emetine at 100 ,ug/ml and gamma globulins from an anti-URF2-N, anti-URF4-C, or anti-URF4L-C antiserum showed that each type of antibody produced a precipitate exhibiting in a NaDodSO4/urea/polyacrylamide gel a single specific band. This band corresponded to a mitochondrial translation product and was absent in the normal serum control. One such experiment is shown in (31) is visible in the pattern of the immunoprecipitate obtained with gamma globulins from an anti-URF2-N antiserum. Similarly, the electrophoretic pattern of the immunoprecipitate obtained with gamma globulins from an anti-URF4-C antiserum exhibits a band corresponding in mobility to components 4 and 5, while the pattern of the precipitate formed with anti-URF4L-C gamma globulins shows a band corresponding to component 26. In the pattern of the immunoprecipitate obtained with anti-URF4-C antibodies, there is, in addition to the specific band, some trailing heterogeneous material extending up to the origin; this suggests a tendency of the URF4 product to aggregate. Antibodies against the NH2-terminal heptapeptide of the URF4 product or of the URF4L product, though strongly reactive with the corresponding peptide, did not precipitate any mitochondrial translation product. Fig. 2 shows that each specific peptide (added in the amount of 5 ,g) competed completely with the corresponding mitochondrial translation product in the precipitation by the anti-peptide antibodies. In this experiment, the mitochondrial lysate had been prepared from cells grown for 22 (Fig. 1B) . Furthermore, both components 4 and
that, when Sigma NaDodSO4 was used, no well-defined band corresponding to component 11 was visible, in contrast to the case with MCB NaDodSO4, and that instead a smear was visible between the two bands corresponding to components 7-10 and 12. Electrophoretic analysis of the immunoprecipitate obtained with anti-URF2-N antibodies in Sigma NaDodSO4 showed that the precipitated component 11 migrates in this NaDodSO4 partly as a distinct band moving slightly more slowly than the 7-10 band and partly as faster-moving heterogeneous material extending up to the component 12 band (Fig. 1C) . In some electrophoretic runs in Sigma NaDodSO4 of the total mitochondrial translation products, the discrete band corresponding to component 11 was partly resolved from the 7-10 band (not shown). Fig. 3 shows the patterns obtained when the mitochondrial translation products precipitated by anti-URF2-N, anti-URF4-C, or anti-URF4L-C antibodies were analyzed in a NaDodSO4 linear-gradient polyacrylamide slab gel (31) prepared with Sigma NaDodSO4. Note that the component precipitated by anti-URF2-N antibodies formed a sharp band at the expected position for component 11 in this gel system (31) . In electrophoretic runs of the total mitochondrial translation products in polyacrylamide gradient gels prepared with NaDodSO4 from different sources (Sigma, MCB, and BioRad), it was found that the band corresponding to compo- antisera, freed of anti-bovine serum albumin antibodies or * from normal serum (250-500 ;Lg), and run through a NaDodSO4/urea/polyacrylamide gel prepared with MCB NaDodSO4 (A) or Sigma NaDodSO4 (B and C). Lanes: NS, control experiment with gamma globulins from a normal rabbit serum; COIl-N, immunoprecipitation experiment with gamma globulins from an anti-COIl-N antiserum freed of anti-bovine serum albumin antibodies; M, pattern of mitochondrial translation products. nents 9 and 11 (with component 11 representing a substantial portion of it) had the same relative intensity and mobility with respect to the adjacent bands; these observations suggested that the mobility of component 11 was not affected, as it was in NaDodSO4/urea/polyacrylamide gels, by the source of NaDodSO4. The component precipitated by anti-URF4-C antibodies yielded, besides a discrete band migrating at the expected position, heterogeneous material trailing over the region of components 2 and 3.
Immunoprecipitation Experiments with Anti-URF5-N and Anti-URF5-C Antibodies. Antibodies against the NH2-terminal heptapeptide of the putative URF5 product, though very reactive with the corresponding peptide conjugated to ovalbumin, did not react significantly in the immunoprecipitation experiments with the [35S]methionine-labeled mitochondrial translation products. However, a very faint band corresponding to component 1, which was apparently absent in the normal serum control, was detectable over the background in the electrophoretic pattern (not shown).
The COOH-terminal hexapeptide of the putative URF5 product, which has a very hydrophobic character, was only sparingly soluble and was difficult to couple to the carrier. This peptide elicited only low-titer antibodies. These were ineffective in precipitating any mitochondrial translation product. Negative results with both the NH2 terminus-and the COOH terminus-specific antibodies were obtained when they were tested on a Triton X-100 mitochondrial lysate under the conditions used for precipitation of intact complexes (26, 30) .
Fingerprinting Analysis of a Tryptic Digest of Component 1. The very weak reaction given by the anti-URF5-N antibodies with component 1 of the mitochondrial translation products suggested that this component may be the URF5 product. In agreement with this possibility was the fact that URFS is the only reading frame large enough to code for a protein of the size of component 1 .. 4 -_--.
--of its electrophoretic mobility (31); see below]. In order to verify this tentative assignment, advantage was taken of the fact that this product contains the sequence Lys-Met-Lys, which would yield, upon trypsin digestion, a methionyllysine dipeptide. Therefore, a bidimensional fingerprinting analysis of component 1 after trypsin digestion was carried out. Fig. 4 shows the fingerprinting pattern of a tryptic digest of component 1, which was run together with a chemically synthesized methionyllysine marker (22) . Many spots of different intensities are visible in the autoradiogram. One of them corresponds perfectly in position and shape to the methionyllysine marker. A much less intense spot, which has migrated somewhat less toward the cathode, corresponds in position to a minor portion of the marker representing derivatives of the methionyllysine dipeptide in which the methionine moiety is oxidized to the sulfoxide and sulfone level (as shown by comparison with the migration of the completely oxidized marker run at the border of the plate) (22) . The methionyllysine dipeptide is one of the most intense spots in the autoradiogram, in spite of the fact that several tryptic digestion products containing two to four methionine residues, and therefore more highly labeled, would be expected. This is attributable to the fact that the dipeptide is preferentially eluted from the gel during the enzyme digestion. [35S]Methioninelabeled component 1 was isolated from a NaDodSO4 mitochondrial lysate of HeLa cells by NaDodSO4/urea/polyacrylamide gel electrophoresis and digested with trypsin as described (22) . The lyophilized digest was spotted in the lower half of a TLC plate (origin marked 0ec) together with a sample of methionyllysine dipeptide marker; another sample of the marker was spotted in the upper half of the plate (origin marked°e). After electrophoresis, the plate was dried, a sample of the marker and another sample of marker that had been completely oxidized with 3% hydrogen peroxide to give 50%o sulfoxide derivative and 50%o sulfone derivative (22) and -23%, respectively, than the molecular weights expected for the proteins encoded in URF4L and URFS (Mrs 10,700 and 66,600, respectively; ref. 1) . However, a similar bias in size estimates based on electrophoretic mobility in NaDod-S04/polyacrylamide gels has previously been observed for other hydrophobic mitochondrial translation products (22, 23, 32, 33) .
A plot of electrophoretic mobility vs. molecular weight predicted from the DNA sequence for the mitochondrially synthesized polypeptides so far identified (Fig. 5) clearly shows that all these polypeptides, with the exception of cytochrome c oxidase and the URFA6L product, have relative mobilities in a NaDodSO4/urea/polyacrylamide gel that are consistent with their expected molecular weights. Therefore, the bias in size estimates based on electrophoretic mobility in NaDodSO4/polyacrylamide gels of mtDNAencoded hydrophobic proteins appears to be due to the use of proteins water-soluble in the absence of detergents for the standard curve. In fact, the latter proteins are expected to bind less NaDodSO4 than do hydrophobic proteins of equivalent molecular weight and to migrate more slowly in an electric field. Cytochrome c oxidase and the URF6L product exhibit a lower-than-predicted mobility, presumably due to a lower degree of NaDodSO4 binding. In fact, the URFA6L product is unique among the human mitochondrially synthesized polypeptides for having the amino acid composition of a water-soluble protein (34); furthermore, the hydropathy plot of human cytochrome c oxidase reveals that the COOH terminus proximal half of the protein is only slightly hydrophobic (30) .
The absolute specificity of the precipitation reactions detected here and the observation that the polypeptides precipitated by the specific antibodies have relative electro- The striking effect that the source of NaDodSO4 can have on the electrophoretic mobility of some proteins has been previously reported (35, 36) . In fact, in a NaDodSO4 discontinuous buffer system, both the separation ofthe proteins (35, 36) and their order of electrophoretic migration (35) 
